The paper presents the possibility of using Al 2 O 3 antireflection coatings deposited by atomic layer deposition ALD. The ALD method is based on alternate pulsing of the precursor gases and vapors onto the substrate surface and then chemisorption or surface reaction of the precursors. The reactor is purged with an inert gas between the precursor pulses. The Al 2 O 3 thin film in structure of the finished solar cells can play the role of both antireflection and passivation layer which will simplify the process. For this research 50x50 mm monocrystalline silicon solar cells with one bus bar have been used. The metallic contacts were prepared by screen printing method and Al 2 O 3 antireflection coating by ALD method. Results and their analysis allow to conclude that the Al 2 O 3 antireflection coating deposited by ALD has a significant impact on the optoelectronic properties of the silicon solar cell. For about 80 nm of Al 2 O 3 the best results were obtained in the wavelength range of 400 to 800 nm reducing the reflection to less than 1%. The difference in the solar cells efficiency between with and without antireflection coating was 5.28%. The LBIC scan measurements may indicate a positive influence of the thin film Al 2 O 3 on the bulk passivation of the silicon.
Introduction
The renewable energy development has substantial influence for realizing basic aims of the energy policy. Usage of these sources means a higher degree of independence from imported energy supplies. The renewable power industry makes it possible to raise local energy and ecological safety and reduce the transfer loss. Photovoltaics is one of the key technologies that promise to assure tomorrow's supply of electricity. Photovoltaics is an important component of future climate-protecting en- * E-mail: marek.szindler@polsl.pl ergy generation. A solar cell is an electrical device that converts light energy directly into electricity by the photovoltaic effect. The basic material used for production of the solar cells is silicon [1, 2] . The efficiency of a silicon solar cell to a large extent is dependent on the reflectance of the surface of solar cells. Antireflection coating reduces the reflectivity and increases the efficiency of the finished solar cell. About 8% of the energy lost is related with the reflection of light but using the antireflection coating, this number can be reduced to 3 − 5% [3] [4] [5] . Traditionally, optical thin films are usually deposited by Chemical Vapour Deposition CVD and Physical Vapour Deposition PVD methods [5] [6] [7] [8] . The atomic layer deposition method ALD is a variation of the CVD method, which is distinguished by the use of cyclic alternating pulses of precursors between which the chamber is being rinsed with an inert gas. This allows the use of the precursors with a strong reactivity. Single atomic layer deposition in ALD process is based on two mechanisms: chemisorption on the surface and the chemical reactions at the surface of the coated component. ALD method has the following advantages:
• the thin film thickness depends only on the number of cycles, so the thickness of the material can be easily controlled,
• contact of reactants takes place only on the substrate, so that precursors with high reactivity can be used,
• the growth rate is not dependent on flow uniformity of precursors like in the case of physical vapor deposition and chemical vapor deposition methods.
A unique advantage of ALD method is the ability to uniformly deposit on geometrically complex surfaces [9] [10] [11] . For this reason, atomic layer deposition method may be used for deposition of the optical thin film on the silicon solar cells as antireflection coating. There are many methods of deposition of optical thin films, for example, sol-gel, CVD, PVD but with the advantage of ALD earlier mentioned, it seems to be the most promising [12] [13] [14] [15] . The most commonly used antireflection coatings are SiO 2 , TiO 2 , and Si 3 N 4 . The presence of silicon on the surface of a dielectric thin film improves the cell. An interesting material which can be used as antireflection coating is Al 2 O 3 . Aluminum trioxide grown by atomic layer deposition has been shown to provide a good surface passivation for lightly and highly doped -type silicon and for lightly doped -type silicon and good optical properties. Main advantages of aluminum trioxide are a large refractive index and excellent transparency in a wide spectral range. In addition to the good optical properties of Al 2 O 3 other desirable properties are high resistance to mechanical damage. Intensive studies to increase the efficiency of silicon solar cells are being performed worldwide. Reducing the reflectance of light by deposition of the antireflection coating increases in their efficiency by a few percent. So far in the literature results on the use of Al 2 O 3 thin film deposited by ALD as silicon passivation layer can be found [16] [17] [18] [19] . We present the possibility of using Al 2 O 3 thin film as passivating and antireflection coating in the structure of the silicon solar cell.
Materials and methodology
Material used as a substrate was "as cut", -type monocrystaline silicon wafers of thickness ≈ 330 µm, area 5x5 cm and resistivity 1 Ωcm. In order to produce − junctions wafers were doped by phosphorous in open tube furnace using conventional liquid phosphorous oxide trichloride (POCl 3 ) as a dopant source. The Al 2 O 3 antireflection coatings were prepared by the atomic layer deposition technique. Trimethylaluminum (TMA) was used as precursor material and water as reactant, nitride as carrier gas (Tab 1). This pyrophoric, colourless liquid is an industrially important organoaluminum compound. The process temperature was 300
• C and the thickness was variable. The research was carried out on silicon solar cells with one bus bar. The measurement of thickness and refractive index was performed using SENTECH's SE800 PV spectroscopic ellipsometer. The used spectral range was 280 − 930 nm. The samples were measured at a fixed angle of incidence of Phi=65
• . The optical reflection was investigated by the spectrometer UV/VIS. Current-voltage characteristics of monocrystalline solar cells were measured using a solar simulator SS150AAA model. The measurements were performed under standard conditions (P = 1000 W/m 2 , AM1.5G spectrum, T = 25 • C). The basic electrical parameters of the solar cells were determined by using the software I-V Curve Tracer. The distribution of the short circuit current over the cell was measured using Corescan by the Light Beam Induced Current LBIC mode. Sheet resistance of metal and specific resistivity of metal were measured using Sherescan.
Results and discussion
The results of ellipsometric research are shown in Tab 2. It can be seen that the thickness of deposited thin film can be easily controlled by changing the number of cycles. The average value of the refractive index is equal to 1.654. The reflection of 80 nm of Al 2 O 3 thin films as compared with the reflection of bare silicon are shown in Figure 1 . For an 80 nm of Al 2 O 3 the best results were obtained in the wavelength range of 400 to 800 nm reducing the reflection to less than 1%.
In Figure 2 , it can be seen that the shape of the currentvoltage characteristic of solar cell with antireflection coating is more rectangular than the solar cell without the antireflection coating. It can be seen that the antireflection coating has an influence on fill factor, short The LBIC scan method is scanning of a light beam over a cell while measuring the resulting short circuit current for each position (Fig. 3 ) . The usual LBIC set-ups measure LBIC with a very small beam (down to 0.1 mm) to obtain a high spatial resolution. Compared to that, the Corescan LBIC is a lower resolution LBIC, since the beam diameter is fixed at 10 mm. When the light used is generated by a halogen lamp, the wavelengths are relatively long and penetrate deeply. Therefore, the LBIC scan method of the Corescan mainly shows the difference in bulk lifetime over the cell. The scan results show where the regions of poor material quality are located and how the distribution is changed when applying certain methods to improve the bulk lifetime (gathering, bulk passivation etc.).
In Figure 4 , it can be seen that on the silicon solar cell surface without antireflection coating dominated regions of short circuit current density between 15 − 25 mA/cm. After deposited by ALD 80 nm of Al 2 O 3 thin film shortcircuit current density increased to 45 − 56 mA/cm. This may indicate a positive influence of the thin film Al 2 O 3 on the bulk passivation.
Sheet resistance of metal and specific resistivity of metal were measured using Sherescan and the results are illustrated in Figure 5 . The measured values indicate a good conductivity of metallic contacts. I SC -short circuit current of solar cell, I MPP -current in maximum power point of solar cell, P -maximum power 
Conclusions
Results and their analysis allow to conclude that the antireflection coating deposited by ALD Al 2 O 3 has a significant impact on the efficiency of the silicon solar cell. The difference in the cells efficiency between with and without antireflection coating was 5.28%. The LBIC scan measurements may indicate a positive influence of the thin film Al 2 O 3 on the bulk passivation of the silicon. There are many methods of deposition of optical thin films, for example, sol − gel, CVD, PVD but with the advantage of ALD earlier mentioned, it seems to be the most promising.
The results proves that the ALD Al 2 O 3 has a big potential in photovoltaic applications.
